Understanding the mechanisms of airway remodeling in chronic allergic conditions such as asthma is increasingly dependent on the use of animal models. Techniques for quantifying structural changes are required that are reproducible and responsive and that can be applied to different staining techniques in both human and animal airway tissues. Here, we characterize a morphometric technique to quantify changes in extracellular matrix and contractile tissue as two indices of airway remodeling in mice. Specific aims were to establish the optimum projection beneath the epithelium to assess remodeling changes and to determine whether such changes are reproducible within different areas of the lung. Finally, based on the variance within measurements, we calculated sample size requirements for research applications of this technique. BALB/c mice were sensitized to ovalbumin and studied after chronic allergen challenge. Lungs were formalin fixed and sectioned were then assayed for extracellular matrix or contractile tissue using morphometric/colorimetric techniques. In this model, the optimum projected distance to measure changes in extracellular matrix or contractile tissue was 20 m beneath the epithelium; projecting beyond this depth resulted in decreased ability to detect allergen-induced changes (signal) because of increased irrelevant staining of surrounding parenchymal tissue (noise). The technique was responsive, because an allergen-induced signal was detected in all airway sections and all lung regions studied (p Ͻ 0.05). The power of this analysis was such that allergen-induced changes can be reliably (Ͼ80% power) detected using 8 to 10 mice. This morphometric technique provides a valid and objective method to assess structural changes in the airways of mice after chronic allergen exposure. (Lab Invest 2003, 83:1285-1291.
A sthma is characterized by the presence of variable airflow limitation, airway hyper-responsiveness, and chronic airway inflammation. However, mechanisms underlying the physiologic airway dysfunction remain unclear. Bronchoscopy studies have demonstrated that structural changes are present in asthma (Jeffery et al, 1989) , even in the airways of symptomatically mild patients (Chetta et al, 1997) . These changes, often grouped under the heading "airway remodeling," include increased smooth muscle (hyperplasia or hypertrophy), thickening of the airway wall (associated with epithelial and goblet cell hyperplasia), myofibroblast hyperplasia, and subepithelial fibrosis (Carroll et al, 1993; Dunnil, 1960; Jeffery et al, 1989 Jeffery et al, , 1992 Roche et al, 1989) . Observations that the extent of fibrotic changes are related to the degree of airway eosinophilia (Chetta et al, 1996) and an increase in patients with allergic rhinitis who progress to asthma (Boulet et al, 2000) support the concept that at least some of the remodeling changes are progressive in response to an underlying inflammatory process. Furthermore, findings that the extent of fibrotic changes are related to airway hyperresponsiveness (Boulet et al, 1997; Jeffery et al, 1989 ) and asthma symptoms (Chetta et al, 1997) support the concept that these structural changes play a role in the underlying airway dysfunction in asthma.
Observations that indices of remodeling are present even in newly diagnosed asthma (Chetta et al, 1997) have made it difficult to study the development or functional importance of specific airway remodeling events. For this reason, many investigators have turned to animal models, in which periods of chronic allergen challenge have produced various markers of airway remodeling with an associated airway hyperresponsiveness (Bai et al, 1995; Blease et al, 2001; Palmans et al, 2000; Salmon et al, 1999; Temelkovski et al, 1998) . Of these models, those based in mice (Blease et al, 2001; Temelkovski et al, 1998) are particularly attractive given the availability of blocking antibodies and gene-deficient and transgenic mice that allow for mechanistic studies. To study the mechanisms of the remodeling processes and the relationship between resulting structural changes and airway dysfunction, it is crucial that methods used to quantify these structural changes are well characterized, reproducible, and responsive. In the case of assaying the extent of subepithelial fibrosis, methods that have been used in the past include subjective description of the extent of peribronchial collagen staining (Blease et al, 2002) , semiquantitative description of the same stain (ie, 0 -4 scale) (Henderson et al, 2002) , quantification of total lung collagen or hydroxyproline (Lee et al, 2001; Sime et al, 1997) , and morphometric assessment of specific matrix stains (Lee et al, 2001; Leigh et al, 2002) . Changes in peribronchial contractile tissue staining have also been assessed using subjective (Yamamoto et al, 2003) and morphometric (Leigh et al, 2002; Moir et al, 2003) methods. Although each of these methods have demonstrated changes in fibrotic or contractile tissue in response to specific interventions, there is minimal information available indicating how these techniques may be used optimally to detect such changes in the mouse airway wall.
The purpose of the current study was to fully characterize a previously used morphometric method (Leigh et al, 2002) for quantifying subepithelial fibrosis and contractile tissue in mice airways after chronic allergen challenge. This technique combined computerized morphometric and colorimetric techniques to quantify the area positive for Masson's Trichrome (MT) stain or ␣-smooth muscle actin (␣SMA) stain within a given depth beneath the epithelium of the first generation airway. The specific hypothesis addressed in this study was that the power of this technique would be influenced by the depth beneath the epithelium that was analyzed for the presence of each specific stain. We also examined whether detection of allergeninduced changes in these measurements was consistent in several lung regions.
Results
The mean airway ratios for major to minor axes for all tissue segments are shown in Table 1 . No differences were detected between saline and allergenchallenged mice (p Ͼ 0.05) nor were there differences detected in the ratios between the superior and inferior lung segments from the left lung (p Ͼ 0.05). The mean ratio of all sections obtained from the right lung (2.72: SD 1.04) was significantly greater than that for all sections obtained from the left lung (1.19: SD 0.11) (p Ͻ 0.05).
What Is the Optimal Depth Beneath the Airway Epithelium to Assess Allergen-Induced Fibrotic Changes?
Significant differences in percent MT staining were detected between the saline (SAL) and ovalbumin (OVA) tissue using expansion values of 10, 20, 30, 40, and 50 m beneath the basal epithelium (p Ͻ 0.05) but not values of 60 or 70 m (Fig. 1A) . The greatest magnitude of difference between saline and OVAchallenged mice was 5.49 percentage units, observed using a 20-m expansion. Sample sizes required to detect differences between the SAL and OVA tissue (␤ ϭ 0.20) were calculated for each expansion value. The smallest sample size required was 8 mice, using an expansion value of 20 m, and ranged from 10 to 16 for the other values examined. For the ␣SMA stain, significant differences were detected using expansion values of 20, 30, and 40 m (p Ͻ 0.05) but not values of 10, 50, 60, or 70 m (Fig. 1B) . The greatest magnitude of difference between saline and OVAchallenged mice was 7.78 percentage units, observed using a 20-m expansion. Sample sizes required to detect differences between the SAL and OVA tissue (␤ ϭ 0.20) were calculated for each expansion value. The smallest sample size required was 10 mice, using an expansion value of 20 m, and ranged from 14 to 28 for the other values examined.
Are Allergen-Induced Changes in Lung Structure Detected Within Different Lobes or Regions of the Lung?
Significant differences in percent MT staining between SAL and OVA tissue, using a 20-m expansion, were detected in each of the three lung segments we studied (p Ͻ 0.05) (Fig. 2) . The magnitude of difference was larger in the left lung samples (5.17-5.49 percentage units) compared with the right lung samples (4.41 percentage units). Sample sizes required to detect differences between the SAL and OVA tissue (␤ ϭ 0.20) were calculated for each lung segment. Both superior and inferior left lobe segments required a sample size of 8 mice to detect differences, whereas the right inferior lobe required a sample size of 10 mice. For the ␣SMA stain, significant differences were also detected in each of the three lung segments (p Ͻ 0.05) (Fig. 2B ). Sample sizes required to detect differences between the SAL and OVA tissue (␤ ϭ 0.20) were calculated for each lung segment. The left superior lobe required a sample size of 6 mice, the left inferior lobe required 10 mice, and the right inferior lobe required 7 mice. There were no differences in parenchymal staining between the SAL and OVA groups for each stain. For MT staining, SAL tissue was 0.45% (SEM 0.12) compared with 0.37% (SEM 0.15) for OVA (p Ͼ 0.05). For ␣SMA staining, SAL tissue was 1.51% (SEM 0.11) compared with 2.08% (SEM 0.24) for OVA (p Ͼ 0.05).
Discussion
The results of this study indicate that this morphometric method is a feasible, valid, and reliable technique to assess subepithelial fibrosis and contractile tissue remodeling in a murine model of chronic allergeninduced airway inflammation. Here we have demonstrated that the power to detect allergen-induced fibrotic and contractile remodeling is influenced by the depth beneath the epithelium that is analyzed for morphometric changes. Moreover, we have observed that these changes seem to occur uniformly in the middle third of the left lung and are also observed in the right lung. This information should be extremely useful to reduce animal numbers in future studies, and to reduce type II errors, in which allergen-induced remodeling might be missed because of poor sampling techniques.
Validity of a test is determined by its ability to consistently detect a true positive signal. Using our current method in our model of chronic allergen challenge, we were able to detect allergen-induced changes in randomly selected sections from three different regions of the left or right lung. The range of expansion depths at which we were able to detect allergen-induced changes in MT staining ranged from 10 to 50 m beneath the airway epithelium; the maximal difference was evident at a depth of 20 m. At expansion depths Ͼ50 mm, differences between OVA-and SAL-challenged mice were no longer apparent and likely reflect a decrease in the signal to noise ratio caused by the inclusion of underlying parenchymal tissue. To detect ␣SMA staining differences between saline and allergen-challenged mice required expansion depths of 20, 30, or 40 m, with maximal differences also detected at 20 m. Our results indicate that this morphometric analytic technique is a valid method for assessing remodeling of subepithelial fibrotic and contractile tissue in the airway wall. These observations also reflect a feature of this model, namely that fibrotic and contractile tissue changes are restricted to the peribronchial region and do not include lung parenchyma.
A concern when identifying pathologic changes in airway models of chronic inflammation is where in the lung to best locate these changes. Here, we propose that the first generation airway in the middle third of the left lobe should be used for such investigations. The reason for this recommendation is 2-fold. First, this approach allows the investigator to retain a high degree of objectivity in terms of selecting airways for analysis, while ensuring that the airways being compared within each group are of the same generation. Second, we observed that there were few visually obvious changes in the structure of smaller airways. Clearly this latter observation may be influenced by the method of delivering allergen. Our intranasal delivery method is based on aspiration , resulting in distribution to proximal airways, whereas inhalation delivery methods (Ohkawara et al, 1997) would likely result in more peripheral distribution and correspondingly different pathologic changes than observed here.
Our results indicate that a consistently tangential orientation of the airway was obtained when analyzing the left lung and that allergen-induced changes were similar in this lung when we obtained sections from the extreme superior and inferior borders of the middle third of this lung. This demonstrates a considerable degree of latitude for researchers aiming to detect and quantify allergen-induced remodeling changes in similar models.
For appropriate ethical reasons, funding agencies and institutional review boards increasingly require that investigators demonstrate, a priori, that their studies are sufficiently powered (Ͼ80%) to detect the primary outcome of interest. Based on power calculations, the results of our study indicate that using an expansion depth of 20 m requires the fewest number of mice (8 -10 per group) to detect a significant difference in the degree of subepithelial fibrosis or contractile remodeling between SAL control and OVAchallenged mice.
In conclusion, we have described a technique of airway morphometry that is valid and reliable for quantifying the amount of peribronchial extracellular matrix and contractile tissue in a mouse model of chronic airway inflammation. The technique allows investigators to objectively quantify morphologic changes in mouse airways, thereby minimizing investigator bias associated with many of the more subjective techniques currently in use. Clearly, when authors use challenge models that are substantially different from ours, the depth at which remodeling changes occur may differ. In such cases, we strongly recommend that an approach similar to that described here be used to optimize the potential for detecting allergen-induced effects.
Materials and Methods

Animals
Female BALB/c mice, age 10 weeks at study onset, were housed in specific pathogen-free conditions. All procedures were reviewed and approved by the Animal Research Ethics Board at McMaster University and conformed to National Institutes of Health guidelines (Washington DCUSGPO, 1985) .
Sensitization and Challenge
As in the past, we sensitized mice with intraperitoneal ovalbumin (Sigma, Oakville, Ontario, Canada) conjugated to aluminum potassium sulfate (IP OVA) injected on Days 1 and 11 and intranasal ovalbumin (IN OVA) on Day 11 (Inman et al, 1999) . Sensitized mice were subjected to chronic periods of allergen exposure, which involved six 2-day periods of IN OVA challenges, each separated by 12 days (10 weeks total). Control mice were sensitized with OVA but received saline (SAL) challenges. Mice (n ϭ 9 SAL, 10 OVA) were studied at 4 weeks after the final challenge (Fig.  3) .
Lung Histologic Examination and Morphometry
Dissected lungs were inflated with 10% buffered formalin to a pressure of 20 cmH 2 O, ligated at the trachea, and then both lungs were fixed in formalin for 24 hours. After fixation, the right inferior lobe and the left lobe were isolated and bisected into superior and inferior segments (Fig. 4A) . After histologic processing A, Depiction of the lobes of a mouse lung after inflation and fixation with formalin. The left lobe and right inferior lobe were bisected. Sections for staining were obtained from the exposed surfaces of the right lobe segments, and from regions corresponding to the extreme inferior and superior borders of the middle third of the left lobe (all sections indicated by dashed lines). B, Typical first generation airway from the left lobe with associated artery and vein. Airway images captured for analysis indicated in boxed regions. (Leigh et al, 2002) , both segments of the right inferior lobe were embedded together in paraffin, whereas the superior and inferior segments of the left lobe were embedded in individual paraffin blocks. All tissues were embedded with the sectioned face down and were orientated to obtain transverse cross-sections of the first generation airway (Fig. 4B ). This airway is often macroscopically visible in the left lobe before embedding but less so in the right lobe. For this reason, the left lobe segments were embedded separately and the right inferior lobe segments embedded together to ensure good airway representation.
The embedded tissues from the left lobe were rough cut to approximately half the original size, whereas the right lobe segments were rough cut to only expose a smooth tissue surface. Three-micron-thick transverse sections were then cut and stained with either MT to demonstrate extracellular matrix or ␣SMA (clone NCL-SMA; Novocastra Laboratories Ltd., Newcastle, United Kingdom) to identify contractile elements. For all tissues, the first generation airway was identified while viewing under a microscope at ϫ4 magnification (Olympus BX40; Carsen Group Inc., Markham, Ontario, Canada), and the major and minor axis were measured with a customized digital image analysis system (Northern Eclipse, version 6; Empix Imaging Inc., Mississauga, Ontario, Canada) using a digital pen mouse and drawing tablet. The ratio of the diameters (maximum/minimum) was calculated as a reflection of the degree to which the sectioning of the airway was at right angles to its long axis.
Morphometric/colorimetric quantification involved calculating the percentage of defined areas of tissue that were positively stained using the same customized digital image analysis system. While viewing under the microscope at ϫ20 magnification, images of the entire first generation airway wall that were free of intimate contact with the neighboring vessels (Fig. 5A) were captured into the computer by an investigator blinded to the tissue codes. Analysis was initiated by tracing a line along the basal border of the epithelium using the digital pen mouse and drawing tablet. This line did not cover any stained tissue of interest. Thereafter, the software macro application projected a second line in a direction away from the center of the airway to create a band of tissue for colorimetric analysis. The width of the band was variable and predetermined by the investigator, allowing for repeated analysis on a single image (Fig. 5B) . The software then calculated the percentage of each band that was positively stained, based on previously determined color plane settings. Thus, final percent staining scores were obtained for each mouse for both stains of interest. Analytic approaches were aimed at addressing two primary questions:
1. What is the optimal depth beneath the airway epithelium to assess allergen-induced fibrotic changes?
Bands of tissue, with expansion depths ranging from 10 to 70 m measured in 10-m increments, were obtained from the inferior segment of the left lung (Fig. 5B ). Comparisons were made of percent MT staining or percent ␣SMA staining between SAL and OVA-challenged mice. To assess which band depth is optimal for performing comparative studies, power calculations were performed on these data, with the results expressed as the number of mice required to demonstrate allergen-induced changes in either stain of interest.
2. Are allergen-induced changes in lung structure detected within different lobes or regions of the lung?
The percent MT stain or percent ␣SMA stain was compared between SAL and OVA-challenged mice using data obtained from a 20-m subepithelial band from the first generation airway of the inferior and superior segments of the left lobe and inferior right lobe. Power calculations were performed on these data, with the results expressed as the number of mice required to demonstrate allergen-induced changes in either stain of interest for each lung section. To determine that parenchymal staining was equal between SAL and OVA tissues and did not have a systematic influence on morphometric analysis of the airway, bands of parenchymal tissue from the left inferior lobe for both stains were analyzed. A 20-m band located a distance between 20 and 40 m from the border of the epithelium was captured for analysis. This band was composed primarily of parenchyma, and percent staining of MT or ␣SMA was analyzed from both SAL and OVA groups.
Statistical Analysis
Data on all figures are expressed as mean and SEM. Descriptive data in Table 1 are expressed as mean and SD. All comparisons between saline control mice and mice receiving chronic allergen exposure were made using Student's t test. All comparisons were two-tailed assuming equal variance, and p values Ͻ 0.05 were considered to be significant. Sample-size requirements were based on a Student's t test analysis and calculated with an assumed power of 80% and an ␣ of 0.05 as we have done previously (Dahlen et al, 2001 ).
